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Abstract 
The time-to-market for automotive and other gear-involved products is still reducing. This demands new production technologies 
for the manufacturing of functional gear prototypes. At the moment gear prototypes are made using classical series production 
technologies, such as gear hobbing and grinding. However, these technologies require design specific dedicated tools, making the 
production of a functional gear prototype expensive and time-consuming. This paper presents an experimental investigation and 
comparison of different alternative production technologies for the manufacturing of functional gear prototypes. Wire-EDM, 
Selective Laser Melting and milling using standard milling tools, have been compared for the production of a spur gear out of 
16MnCr5 steel. A strategy for the wire-cutting of a spur gear was developed, resulting in a total machining time of 22h – with 
very good gear quality in terms of geometrical accuracy and surface roughness. This same gear has been produced by SLM, with 
a total machining time of 17h. Two different milling strategies have been developed on a milling machine, resulting in a total 
machining time of 14h15min. The shape accuracy and surface roughness were compared using a CMM and a surface profiler. 
Taking these results into account and considering the fact that it is impossible to make helical gears or machine micro flank 
corrections using wire-EDM, it was concluded that the milling is the most promising production technology for functional gear 
prototypes. The fact that functional prototypes could be made without the current lead time (± 10 weeks) is a great improvement 
for the production of gear prototypes, meeting the shorter time-to-market requirements of today’s industry.  
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
The pressure on the automotive industry, as well as in other 
gear-using industries, is higher than ever. The time-to-market 
for new products is continuously reducing. The manufacturing 
of functional gear prototypes is identified as one of the 
bottlenecks. Functional gear prototypes, used for testing new
gearboxes and differentials, are currently manufactured using 
classical production technologies. These technologies, such as 
gear hobbing, gear planning, shaping, skiving and grinding 
[1], are only very efficient for large series production, gear 
hobbing and grinding require gear shape dependent tools, 
strongly increasing the cost for functional prototype gear 
manufacturing. In case the prototype will be accepted, the 
cost/part can of course be reduced since the tools can still be 
used, however not all designs (prototypes) will be continued to 
series production. Besides the cost, the time delay is even a 
bigger problem in gear prototyping, as the production of 
dedicated tools can take more than 9 weeks, a production 
technology capable of machining functional gear prototypes, 
without the need for dedicated tools, would strongly reduce 
the time-to-market for new gearboxes, differentials or any 
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other application. The ability of fast prototyping gears makes 
it possible to make variants of a particular design for 
optimizing and tuning Noise, Vibration and Harshness (NVH) 
behavior. Today, gear prototypes are already produced by for 
example 3D printing technologies (using polymers), but this is 
only for demonstrating purposes. Functional gear prototypes 
should withstand the same loads and have the same NVH 
behavior as gears made by classical production technologies.  
 
Commercial applications have been developed by a tool 
manufacturer for shaping gears, using a special tool (gear 
design independent) on a turn-milling center (Figure 1(b)) [2]. 
Also in the field of CAD/CAM, commercial solutions are 
being developed for programming toolpaths for gear 
manufacturing using only standard ball- and endmills. So 
there is clear evolution towards more flexible production 
methods for gear prototypes [3,4,5,6]. Besides the above 
implementations, there are other potential technologies. In this 
paper three technologies, Wire EDM, Selective Laser Melting 
and milling, are compared for gear prototyping, in terms of 
productivity, accuracy and surface quality. Within this 
research, a demonstrator gear part has been proposed and the 
properties/characteristics are listed in Table 1. To perform 
tests on Wire EDM and milling, pre-turned forgings have 
been provided by the industrial partner, supporting this 
research.  As turning can be done using standard tools, it 
makes sense to start from a pre-turned blank.  
Table 1: Properties of the demonstrator gear part 
Test case gear data   
Material 16MnCr5  
Number of teeth (Z) 36  
Heigth 31.5 [mm] 
Normal module (mn) 2.120 [mm] 
Reference circle diameter (d0) 76.320 [mm] 
Base circle diameter (db) 72.985 [mm] 
Crowning width of tooth (cβ) 0.008 +/- 0.003 [mm] 
Gear quality Acc. To DIN 3960  
DIN Class 6  
Surface finish (Ra) 0.8 [μm] 
Profile angle variation fHα 6 [μm] 
Profile form variation ff 8 [μm] 
Total profile variation Ff 10 [μm] 
Tooth trace angle variation fHβ 12 [μm] 
Total tooth thrace variation Fβ 15 [μm] 
Tooth trace form variation Fβf 9 [μm] 
Run out Fr 24 [μm] 
Cumulative pitch error Fp 32 [μm] 
Single pitch error fp 7 [μm] 
Pitch to pitch error fu 9 [μm] 
2. Milling 
2.1. Applied method 
Because of flexibility, only standard end and ball mills 
were used. Prototype gears were produced on a 5-axis milling 
machine (DMG Sauer 70-5). For the manufacturing of this 
gear, 4 tools have been used; the 4 machining steps are listed 
in Table 2 and illustrated in Figure 2. 
Table 2: Milling strategy steps 
Machining strategy tool Feed rate 
[mm/min]  
Spindle speed 
[rpm] 
Contour machining 12 mm endmill 
WC Ti coating 
380  1200 
Rough profile 
machining 
3 mm endmill  
WC Ti coating 
500 6500 
Rough profile 
machining 
2 mm endmill  
WC Ti coating 
740 9600 
Finish profile 
machining 
2 mm ballmill  
WC Ti coating 
600 9600 
To know how much passes the tool should make per tooth 
to have a good surface quality it was necessary to perform a 
test, since the simulation of the scallop by the CAM system is 
not always that accurate for low roughness surfaces. 
Therefore a gear was machined using a different stepover per 
tooth. Afterwards these teeth have been investigated to check 
the scallop and surface roughness. Afterwards these teeth 
were investigated to check the scallop and surface roughness. 
Wire-EDM was used to cut the gear in segments to enable the 
roughness measurement of every tooth. A Taylor-Hobson 
Talysurf 120L was used to inspect the surface roughness.  
(a) Contour 12 mm end mill (b) Profile 3 mm end mill 
(c) Profile 2 mm end mill (d) Profile 2 mm ball mill 
Figure 2: Milling operations 
Figure 1: (a) Gear hobbing, (b) Invomilling [2] 
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Table 3: Surface roughness in function of passes 
No. of  passes  150 250 400 450 500 550 
Surface roughness Ra 
[μm] 
0.76 0.38 0.27 0.21 0.24 0.22 
Table 3 lists the Ra roughness values in function of machining 
passes per tooth. The surface roughness of around 0.3-0.2 μm 
Ra is well below the specified 0.8 μm Ra. For the final test 
gear, 450 passes per tooth was selected.   
2.2. Results 
Table 4 lists the time needed for the different tasks. The 
finishing step using a 2 mm ball mill consumes most of the 
time. This step can be reduced, by reducing the amount of 
passes, depending on the required gear quality. Since for this 
test case, 0.8 μm Ra would be enough, 150 passes per tooth 
suffices, and the machining time for the finishing step would 
be 200 min.   
Table 4: Manufacturing time (milling) 
Task Time [min] 
CAM programming & toolpath generation 90 
Clamping and alignment workpiece 15 
Roughing 3 mm endmill 60 
Roughing 2 mm endmill 90 
Finishing 2 mm ball mill 600 
Total manufacturing time 855 
The gear shape accuracy and surface roughness is shown in 
Table 5. 
Table 5: milling measurement results 
Gear quality parameter Measured value [μm] Limit [μm] 
Surface finish (Ra) 0.21 0.8 
Profile angle variation fHα -14 6 
Profile form variation ff 3.3 8 
Total profile variation Ff 15.1 10 
Tooth trace angle variation fHβ 4.1 12 
Total tooth trace variation Fβ 14.1 15 
Tooth trace form variation Fβf 2.1 9 
Run out Fr 108 24 
Cumulative pitch error Fp 57 32 
Single pitch error fp 41 7 
Pitch to pitch error fu 4 9 
 
The individual tooth quality proved to be good. However 
some global defects can be identified. Initial machining 
experiments suffered from high tooth trace angle variation fHβ 
of 59.5 μm and high total tooth trace variation Fβ of 57.3 μm. 
These defects are identified as caused by the wobbling effect. 
Tooth trace defects usually indicate that the gear teeth are not 
machined perpendicular to the gear lower surface and thus not 
parallel to the core hole of the gear, causing a wobbling 
motion to the gear when rotating. This was solved by face 
milling the chuck, used for clamping the turned forging, 
which makes sure that the gear is mounted with a good 
parallelism to the XY plane of the machine. For the next 
manufactured gear, the tooth trace angle variation fHβ of 59.5 
μm reduced to 4.1 μm and the total tooth trace variation Fβ of 
57.3 μm was reduced to 14.1 μm, thus within specifications.  
 
Figure 3: Single pitch (a) and cumulative pitch (b) error 
Some values are still out of specifications. In Figure 3 the 
pitch error is illustrated. It’s clear that between two following 
teeth there is a repetitive pitch error, in the order of 1 μm. 
These errors add up to 1 big error (about 40 μm), between the 
first and the last manufactured tooth, which is visible in 
Figure 3 (a). This 1 μm tooth to tooth error corresponds with a 
repetitive indexing error of about 0.00125°. So far, this error 
is not solved yet, however since this error is repetitive and not 
random (amplitude is constant), it is believed that in the near 
future, this error will be solved or be compensated for. It is 
expected that when this error is solved, and the runout error is 
removed by mounting the gear in the centre of the C-axis or 
by machining the core hole also on the milling machine, the 
gear made by milling will be within specifications. Some 
future tests are planned in order to remove these errors. 
Main advantage of this technique is the flexibility. It is no 
problem to add micro flank corrections such as tip relief, root 
relief, angular profile variance, profile crowning, angular lead 
variance, end relief and lead crowning. This strategy is not 
limited to machining spur gears, but can be expanded to 
helical gears, bevel gears, spiral bevel gears, hypoid gears and 
herringbone gears.  
3. Wire-EDM 
3.1. Applied method 
Wire-EDM was selected as a potential proces to be 
investigated since it allows to machine parts with very high 
accuracy and good surface finish. However, the heat affect 
zone (HAZ) induced by this thermo-electrical process, causes 
some concern regarding the surface integrity. The heat 
affected zone (including the white layer) is associated to high 
tensile residual stresses, micro cracks, porosity, grain growth 
and alloying from the tool electrode or dielectric fluid [7]. 
These effects can be strongly reduced by applying the correct 
cutting strategy (proper sequence of roughing and finishing 
strategies).  If the material is cut using one main cut (high 
energy, high material removal rate), followed by a series of 
(a) 
(b) 
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subsequent trim cuts for a high quality finish, these effects are 
strongly reduced or even absent.  Also the type of dielectric 
has its influence on the surface finish and integrity. Oil based 
dielectric results in better surface quality, but the cutting 
process is slower compared to water as a dielectric [7]. The 
thickness of the remaining HAZ can be detected measuring 
the depth of the tensile residual stress. For the machining of 
ASP 2023 tool steel, the HAZ thickness can be reduced from 
30 μm after the main cut, to 20 μm after the rough cut and to 
5 μm after the finishing cut [7], using an oil based dielectric. 
When using water as a dielectric, the HAZ thickness is 27 
μm, 17 μm, and 7 μm respectively. The surface roughness 
after the main cut is about 3 μm Ra using water as a dielectric 
and 4 μm when oil was used as. After the finish trim cut this 
can be reduced to below 0.5 μm in both cases. The surface 
roughness required for this application, as listed in table 1, is 
0.8 μm Ra thus this should be no problem when using the 
correct cutting strategy and parameters.  
A procedure for machining a gear using wire-EDM had to 
be developed. Since it is impossible to machine the full gear 
shape in 1 clamping, unclamping, repositioning and re-
clamping is necessary. Since reclamping always introduces 
alignment errors, this should be considered.  
Since the gear flanks require a high accuracy finish, they 
should all be cut and finished in 1 clamping, thus avoiding 
realignment errors. Therefor the gear tips, which are not that 
critical in shape accuracy, will be cut in 2 different steps. A 
base plate will be used for positioning and mounting the pre-
turned forging. The baseplate, made by wire-EDM, consists of 
an inner ring, connected by 12 thin segments to the rest of the 
baseplate. These 12 segments will coincide with 12 tooth tips 
(thus one connection every 30°). This base plate is illustrated 
in Figure 4 (a). The turned forging is than glued on top of the 
baseplate, with the core hole of the turned forging concentric 
with the hole in the core hole in the baseplate (Figure 4 (b)). 
In the next step the gear, minus 12 teeth, is cut, using 1 main 
and 4 trim cuts, in 1 clamping. This is illustrated in Figure 4 
(c). In the next step, the gear is repositioned, allowing to 
machine the 12 remaining tooth tips. This last step is 
illustrated in Figure 4 (d). 
 
A Sodick AQ 537L wire-EDM machine, with water based 
dielectric, was used for the manufacturing of this gear, using 
standard steel technology parameters from the machine tool 
supplier for a workpiece height of 40 mm, including a main 
cut and 4 trim cuts with constantly reduced discharge energy 
for finishing. An uncoated brass wire of diameter 0.25 mm 
was used.  
 
 
Figure 4: Wire-EDM procedure for gear prototype manufacturing 
3.2. Results 
Table 6 lists details about the time needed for preparation 
and production of the gear prototype using wire-EDM. The 
total time for manufacturing the finished gear, including the 
manufacturing of the holder, is 22 h. 
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Table 6: Manufacturing time (EDM) 
Task Time [min] 
CAM programming 90 
Manufacturing of the tool holder 200 
Positioning and gluing 15 
Main cut  400 
Trim cut 530 
Repositioning and gluing 15 
Removing of the remaining tips 70 
Total machining time 1320 
Table 7: EDM gear measurement results 
Gear quality parameter Measured 
value [μm] 
Limit [μm] 
Surface finish (Ra) 0.42 0.8 
Profile angle variation fHα 0.6 6 
Profile form variation ff 1.9 8 
Total profile variation Ff 2.3 10 
Tooth trace angle variation fHβ -31.9 12 
Total tooth trace variation Fβ 31.6 15 
Tooth trace form variation Fβf 0.5 9 
Run out Fr 9.4 24 
Cumulative pitch error Fp 6.8 32 
Single pitch error fp 3.5 7 
Pitch to pitch error fu 5.9 9 
As can be seen in Table 7, the surface roughness as well as 
the accuracy are good and within specifications, except from 
the tooth trace variation. This is yet again an indication for the 
wobble effect described in 2.2 Results. This problem can be 
omitted in the future by either cutting also the core hole by 
EDM on the same support instead of starting from the pre-
turned forging with the core hole made by turning, or making 
sure that the support is perpendicular to the wire and the 
turned forgings have a good perpendicularity between the 
lower surface of the turned part and the core hole. If we 
discard the wobble issue, which is easy to fix by the 
suggestions above, the quality of this gear prototype would be 
DIN 6.  
Results show that Wire EDM is a good and potential 
technology for gear prototyping, but it also has its limitations. 
Wire-EDM allows to machine micro-geometry modifications 
which are orthogonal to the wire direction, such as tip relief, 
root relief, angular profile variance and profile crowning. 
However, geometry modifications which differ from ruled 
surfaces are not machinable using wire-EDM, such as lead 
crowning. Angular lead variance and end relief might be 
possible but further research is needed to confirm this. 
Machining helical gears is impossible using wire-EDM.  
 In addition, the effect of the very thin white layer on the 
fatigue strength and NVH characteristics is yet to be 
investigated. 
4.  Selective Laser Melting 
4.1. Applied method 
A prototype gear was made by Selective Laser Melting 
from maraging steel instead of 16MnCr5 because the 
16MnCr5 steel was no standard material in the portfolio of the 
company who manufactured this part. However SLM of 
16MnCr5 and other carbon rich steels is also possible [8,9], 
steels with high carbon contents need some special attention 
to prohibit cracks. Yet, in order to compare properties like 
surface roughness and precision of the current state of the art 
of SLM manufacturing, any steel with similar properties can 
be selected. The production of the prototype gear is following 
an industrial implemented SLM strategy for the production of 
functional steel parts. It consists of 3 steps: CAD file 
preparation and SLM program generation, the selective laser 
melting process and finally postmachining steps. The latter 
comprises a Wire EDM operation to remove the part from the 
base plate, followed by shot peening to create compressive 
residual stress on the surface.  
4.2. Results 
Although the prototype gear produced by SLM looks nice, 
it is clear that the surface quality is not as good as the gear 
made by Wire EDM or any other industrial applied process 
like hobbing and/or grinding. 
 
The time needed for the 3 steps is listed in Table 8.  
Table 8: Manufacturing time (SLM) 
 
Task 
Time [min] 
CAD file preparation (slicing) 30 
SLM process 840 
Postmachining 150 
Total machining time 1020 
 
Table 9 clearly illustrates the fact that the quality of the 
SLM gear is not sufficient for the production of functional 
prototypes. However, the technique might be used as a Near 
Net Shape (NNS) technique and use, for example milling, for 
finishing to the required specifications. The gear made by 
SLM should have an oversize (stock). This oversize depends 
on the accuracy of the SLM process, looking at Table 9, an 
oversize of 200 μm should suffice.  This would save 150 
minutes (60 minutes of roughing using a 3 mm endmill and 90 
minutes of roughing using a 2 mm endmill), since the rough 
milling steps can be omitted. However, at the current price 
setting of selective laser melted parts, about €2000 for this 
gear shape, it is questionable whether this would save any 
time and or money.  
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Table 9:  Measurements results of the prototype gear manufactured by 
Selective Laser Melting 
Gear quality parameter Measured value 
[μm] 
Limit [μm] 
Surface finish (Ra) 2.5 0.8 
Profile angle variation fHα -58.7 6 
Profile form variation ff 32.8 8 
Total profile variation Ff 75.2 10 
Tooth trace angle variation fHβ -49.9 12 
Total tooth trace variation Fβ 43.2 15 
Tooth trace form variation Fβf 19.3 9 
Run out Fr 111 24 
Cumulative pitch error Fp 133 32 
Single pitch error fp 29 7 
Pitch to pitch error fu 34.7 9 
5. Conclusion 
Table 10 gives an overview of the compared technologies 
with their score regarding machining time, surface finish, 
shape accuracy and flexibility. Flexibility expresses the 
possibility to machine gear corrections, helical gears, double 
helical gears, spiral bevel gears,... 
Milling of gears seems the most promising technique for 
the fast production of functional prototypes. Wire-EDM is 
certainly a potential technology to make prototype gears 
bearing in mind the high quality surface roughness and shape 
accuracy, but its limited flexibility is a big drawback. The 
quality of the produced parts by Selective Laser Melting today 
is too low in order to make functional gear prototypes. 
Although this drawback, it could be an interesting technology 
to produce NNS, which are afterwards finished by milling.  
Although the manufacturing time for these prototyping 
technologies might seem relatively high, the required time 
should be compared to classical production technologies, 
where the production would take much longer, due to the 
necessity to for dedicated tools.  
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